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Factors maintaining a pH gradient within the kidney: Role of tions of O2 utilization by nephron segments, which are
the vasculature architecture. actively transporting solute and the presence of an O2
Background. The architecture of the vasa rectae produces “shunt” because of the proximity of the afferent andsignificant oxygen (O2) “shunting” and marked decreases in
efferent limbs of the vasa rectae, may create a consider-renal medullary pO2 values. We hypothesized that carbon diox-
able O2 gradient from the cortex to the medulla of theide (CO2) trapping and increases in medullary pCO2 along with
decreases in medullary pH values should also accompany this kidney [3–6].
O2 shunting. The generation of carbon dioxide (CO2) from oxida-
Methods. We developed computer simulations employing a tive metabolism is, of course, inextricably coupled tomodel of gas exchange through the countercurrent vasculature
oxygen (O2) utilization. Moreover, the solubility of CO2,that predicted trapping of CO2 along with O2 shunting. To test
which exceeds that of O2 [7], should allow for CO2 trap-the validity of this model directly, medullary pH was measured
by using needle electrodes in the in situ kidney before and after ping in any environment that allowed an O2 shunt. In
the administration of mannitol or furosemide, or by decreasing fact, we have previously observed that countercurrent
blood flow with a transient decrease of renal perfusion pressure vascular loops, which are present in the brain of thewith a suprarenal clamp. Data are expressed as mean 6 sd.
lizard Anolis equestris, result in a CO2 shunt (when CO2Results. Medullary pH was lower than cortical pH (7.20 6
tension in the inspired air is increased) and attenuation0.09 vs. 7.39 6 0.08, P , 0.01). Mannitol caused a decrease in
medullary pH to 7.02 6 0.07 (P , 0.01), whereas furosemide of brain acidosis under these conditions [8]. Of course,
increased medullary pH to 7.31 6 0.09 (P , 0.01). Brief periods the same geometry that would attenuate CO2 (or O2)
of severe hypotension decreased medullary pH to 6.90 6 0.09 delivery would be expected to trap CO2 produced in the(P , 0.01).
tissues. Therefore, we felt that it was likely that CO2Conclusions. These data demonstrate that a significant pH
and pH gradients accompanied the O2 gradient alreadygradient exists within the kidney parenchyma. This gradient is
related to the metabolic activity of the thick ascending limb known to be present in the kidney. However, we could
of Henle and the countercurrent vascular architecture, and may find no studies that systematically examined whether
be relevant to a variety of physiological phenomena involved in such gradients existed. A pH gradient might have consid-volume, electrolyte, and acid-based homeostasis.
erable relevance to the subject of acute renal failure
[9–11], as well as other topics. Therefore, we embarked
on the following modeling and experimental studies.
In a fascinating series of studies, Silva et al and Brezis
et al have demonstrated that the countercurrent architec-
ture of the kidney, a requirement for the elaboration of METHODS
a concentrated urine is complicated by the outer medulla Model of gas exchange along the nephron
living on the brink of anoxia [1, 2]. These workers and
To allow for simple visualization of potential O2 andothers have convincingly demonstrated that the interac-
CO2 gradients along the nephron, we developed the fol-
lowing simple model for implementation on a personal
computer. Simulations performed with this model wereKey words: oxygen shunting, carbon dioxide, vasa rectae, medulla,
cortex, kidney, metabolism. performed with the software package Matlabe (Math-
Works, Inc., Natick, MA, USA).
Received for publication February 19, 1999
The model used to simulate gas delivery, alteration,and in revised form May 28, 1999
Accepted for publication June 7, 1999 shunting, and trapping was as follows. We assumed that
simulated O2 and CO2 tensions along the nephron (SO2, 1999 by the International Society of Nephrology
1826
Burke et al: pH gradient along the nephron 1827
SCO2) could be described as functions (f, f9) of depth the limbs of the vasa rectae occurred based on mass
action according to the flux equation:(x), exchange rate constants between the ascending
and descending loops (K and K9), blood flow (Q), and J 5 k 3 DP
metabolic rate (O2 consumption, M and CO2 production,
where J is the rate of gas transfer (mmol/min), and kM9), as shown.
is the rate constant (mmol/min/torr). DP (torr) is the
SO2 5 f(x, K, Q, M) and SCO2 5 f9(x, K9, Q, M9) difference of partial pressures between the descending
and ascending limbs of the vasa recta. Based on diffusitiv-It was then reasoned that simulated CO2 tension and pH
ity measurements performed in the lung, it was estimatedcould also be expressed as similar and closely related
that k for CO2 was 24 times greater than that for O2 [13].equations.
( j) Haldane and Bohr effects were ignored [7]. (k) AllTo produce these simulations, the simplified mathe-
CO2 production was caused by O2 utilization. Moreover,matical model was used that expressed the change in
all pH changes occurred secondarily to primary changesSO2 (or SCO2) as a process related to depth into the
in CO2 and bicarbonate concentrations. In concrete terms,nephron according to the relationship(s)
we “capped” CO2 tension and pH once O2 tension fell
d(SO2)/dx 5 2K(DP) 2 M and to zero in a region of the kidney. This simplification, in
particular, ignores glycolysis by the inner (and outer)d(SO2)/dx 5 K9(DP9) 1 M9
medulla during situations of O2 deprivation and would
where K and K9 are the flux constants for O2 and CO2, therefore cause our model to underestimate pH changes
respectively. M9 couples the rate of CO2 production to during conditions of ischemia.
O2 consumption, and DP and DP9 describe the partial Although our model is simple, most of the assumptions
pressure differences between descending and ascending are justifiable based on existing data. First, a coupling
limbs of the vasa rectae at the same depth into the kidney between O2 consumption and CO2 generation is predict-
for O2 and CO2, respectively. This is shown schematically able based on extensive reports of mitochondrial func-
in Figure 1. tion when fat is used as substrate. As this is the preferred
To model this on a personal computer, an iterative substrate of most cortical kidney tissue, a respiratory
approach in which 20 distance “steps” to cover the ap- quotient of 0.8 was chosen [14] as noted earlier in this
article. The effective solubility for gasses in blood hasproximate 8 mm of “depth” from outer cortex to papilla
been extensively studied over a wide range of gas ten-in the adult rat kidney was used [12]. In this model, it
sions. O2 solubility in physiological saline is approxi-was assumed that (a) O2 tension entering the descending
mately 0.0005 mmol/liter, although with hemoglobinlimb of the vasa rectae was 100 torr. (b) CO2 tension
present at 15 g/dl, it is carried in a much higher concentra-entering the descending limb of the vasa rectae was 40
tion. Along these lines, although the actual solubility oftorr. (c) O2 utilization occurred at the same rate for a
CO2 in physiological saline at 378C is 0.03 mmol/liter pergiven volume of cells present at each “step” down into
mm Hg, hemoglobin in concert with carbonic anhydrasethe medulla. We assumed that these steps could be mod-
makes the effective solubility much higher. In fact, mosteled as concentric spherical shells in which cellular vol-
of the CO2 that is actually transported in blood is in theume (and thus, metabolic rate) would be proportional to:
form of bicarbonate. Estimates of CO2 transport as well
4/3 * P * (r3i 2 r3(i11)) as HCO3 production based on CO2 interactions with he-
moglobin were based on the work of Palmer and Vanwhere ri and r(i11) are the radii of the outer and inner
Slyke for the purposes of these simulations [15]. Assurfaces of the ith shell.
stated earlier in this article, the Bohr and Haldane effects
(d) O2 transport capacity of blood was 0.20 ml/ml or were ignored as quantitatively these effects are relatively
0.0076 mmol/ml of blood. (e) CO2 transport was facili- small [7]. The actual Matlabe routines used to generate
tated by the conversion of CO2 to HCO3 by the presence plots are included as an appendix to this article.
of sufficient carbonic anhydase and buffering of protons
Animal studiesby hemoglobin; together, this allowed for a “solubility”
of CO2 of 0.0020 mmol/ml of blood. ( f) Bicarbonate Experiments were conducted on male Sprague Dawley
concentration entering the descending limb of the vasa rats (283 to 375 g body wt) anesthetized with intraperito-
rectae was 24 mm. (g) CO2 was assumed to be transported neal sodium pentobarbital 40 mg/kg. Catheters (PE 50)
in the blood primarily in the form of bicarbonate (75%) were inserted into the right jugular vein, left femoral ar-
and secondarily in the form of carboxyhemoglobin tery, and bladder. The aorta between the renal arteries
(18%), with the minority as dissolved CO2. (h) CO2 pro- was exposed via a midline incision, and an adjustable plastic
duction was coupled to O2 consumption with a respira- occluder was placed on the vessel to control perfusion
pressure to the left kidney. The mean arterial pressuretory quotient of 0.8. (i) CO2 and O2 transport between
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Fig. 1. (A) Schematic of model used to generate simulations of PO2, PCO2, and pH. This schematic illustrates O2 being consumed by a process
M as well as “shunted” from the descending limb to the ascending limb of the vasa rectae. Conversely, CO2 is generated by a modification of M,
M9, and trapped by flux from the ascending limb to the descending limb of the vasa rectae. (B) Two-dimensional plots of PO2 (top panel), PCO2
(middle panel), and pH (bottom panel) within the kidney generated by our model assuming vasa rectae flow of 1.4 ml/min, M of 8 mmol/min
distributed over the kidney, and the exchange constant (for O2) was 1 3 1026 mmol/min/torr.
was monitored with a Statham transducer (Pd23b, Stoel- of the tissue pO2 or pH when kidney volume was altered
with pharmacological or physiological maneuvers. Mea-ting Co., Wood Dale, IL, USA) and was recorded on a
personal computer. Intrarenal pO2 or pH was measured surements were digitized at 0.5 Hz using a DAS8 A-D
board (RMS Instruments, Mississauga, Ontario, Canada)with a 25-gauge needle electrode (Diamond General
Development Corp., no. 768-25, Ann Arbor, MI, USA). and were stored on a personal computer using the soft-
ware program Acquire (Keithley Metrabyte, Taunton,These electrodes were calibrated for pO2 by gassing
Krebs-Henseleit saline with O2 tensions ranging from 0 MI, USA). Experimental manipulations included admin-
istration of pharmacological agents and/or reducing renalto 150 torr and for pH using standard pH solutions of
4.01 and 10.00. The stability of these measurements was perfusion pressure by the adjustable clamp. Furosemide
was administered intravenously at 8 mg/kg over five min-confirmed by pre-experimental and postexperimental cali-
bration curves. Measurements were obtained at a depth of utes. Mannitol (3 ml of a 5% solution) was administered
intravenously over 15 minutes. Acetazolamide (5 mg/kg)1 (cortex) and 4 mm (medulla) with the needle advanced
using a micromanipulator. Once at the proper depth, the was administered intravenously as a bolus. During experi-
ments, urine output was recorded, and intravenous salineneedle was loosened from the manipulator and allowed
to “float” at this depth. This facilitated the measurement was infused through the internal jugular to match urine
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losses. When furosemide was administered, urine losses These data are summarized in Figure 2. Figure 2A dem-
onstrates the marked fall off in O2 tension with decreas-were matched with 0.6% saline, but when mannitol or
ing blood flow. Figure 2B shows that pCO2 will recipro-acetazolamide was used, 0.9% saline was infused. Induc-
cally increase, and Figure 2C shows the resultant effecttion of hypotension was performed by rapidly increasing
on tissue pH.the occlusive pressure until arterial pressure distal to the
In a modification of this routine, blood flow was fixedocclusion (determined with the femoral catheter) was
and metabolic rate allowed to vary; with this manipula-less than 20 mm Hg. This occlusion was maintained for
tion, the simulation curves were generated as shown inapproximately four minutes and was then rapidly re-
Figure 3. For this simulation, a vasa rectae blood flowleased. Following removal of the aortic constriction, tis-
of 1.4 ml/min was selected, which is consistent with thatsue pH returned to preconstriction values in all cases
measured by other workers [18]. Again, pO2 fell morewithin 10 minutes.
rapidly and pCO2 rose with the resultant fall in pH asThe O2 and pO2 data were smoothed with a moving
metabolic rate was increased. In our third manipulationaverage function (5 points or 10 seconds of observation)
of the model, the blood flow and metabolic rate wereand reported at baseline, before and following the physio-
fixed and the rate constant for O2 (and CO2) was allowedlogical and/or pharmacological maneuvers. The severe
to vary; this generated the simulations shown in Figure
hypotension data are reported as the nadir pO2 or pH 4. From these data, one can easily discern that increases
within five minutes following the release of aortic occlu- in rate constant result in a steeper fall in pO2 and risesion. The pharmacological data are reported as an average in pCO2 with resultant fall in pH. In the extreme, if theof values obtained between 5 and 10 minutes following rate constant was very low, there would be essentially
the administration of the agent. no O2, pCO2, or pH gradients within the kidney.
Going back to the first routine, we allowed for simula-Statistical analysis
tion of experimental decreases or increases in medullary
Data obtained were compared using one- or two-way thick ascending limb of Henle (mTAL) O2 utilization
analysis of variance and unpaired or paired Student’s t-test with pharmacological agents. It was assumed that the
with Scheffe’s correction for multiple comparisons de- mTAL occupied a constant proportion of volume from
pending on the unpaired or paired nature or the data [16]. about 1.5 mm to 6 mm deep in the kidney [12]. If O2
Statistical analysis was performed using SIGMASTATe utilization was inhibited by 90% (for example, furose-
Software (Jandel Scientific, San Rafael, CA, USA). mide) or there was increased O2 utilization (for example,
mannitol or acetazolamide) by a factor of 2, we produced
the predicted tissue pH curves shown in Figure 5. Our
RESULTS model predicts, for any blood flow, a more rapid reduc-
Modeling data tion in O2 tension, increase in pCO2 and resultant de-
crease in pH (Fig. 5) as one goes into the kidney if distalWith the concepts outlined previously in this article,
sodium delivery (and, thus metabolic work of the mTAL)a Matlabe routine was constructed to simulate O2 and
is increased pharmacologically. In contrast, decreasedCO2 tensions within the kidney (Appendix). The con-
O2 utilization by the mTAL segment attenuates the re-cepts of this model are shown schematically, and repre-
ductions in O2 tension, increase in CO2, and a resultantsentative tracings of predicted pO2, pCO2, and pH are
decrease in pH predicted (Fig. 5) in deeper regions ofplotted in Figure 1. To illustrate the interdependence of
the kidney.gas tensions and pH with blood flow through the vasa
rectae, the metabolic rate and the rate of gas exchange Experimental data
between the ascending and descending limbs of the vasa
Substantial differences between cortical and medul-
rectae, we performed simulations sequentially allowing lary pO2 values within the rat kidney were observedthese parameters to vary and present these predicted (Table 1), as had been previously reported by a number
data as three-dimensional plots. First, blood flow was of authors [4, 19–21]. Cortical pO2 was relatively stable
allowed to vary and with assumed rates of O2 consump- in response to furosemide or mannitol, but decreased
tion, CO2 production, and a rate constant for gas ex- significantly with transient hypotension. Decreases in
change between the limbs of the vasa rectae. An oxygen medullary O2 tension, however, accompanied mannitol
consumption rate of 8 mmol/min was chosen based on administration, which increased delivery of solute to the
previous experimental measurements in the rat kidney mTAL and, hence, metabolic “work” or transient hypo-
[17]. The rate constant was chosen empirically. Using tension, which presumably decreased blood flow through
the model described earlier in this article, an increase in the vasa rectae. An increase in medullary pO2 with furo-
pCO2 and a decrease in pH was observed when “depth semide (which decreased metabolic “work”) was consis-
tently observed.into the kidney” was increased at any blood flow rate.
Fig. 2. Simulation data varying blood flow
and examining effects on pO2 (A), pCO2 (B),
and pH (C ). The metabolic rate was assumed
to be 8 mmol/min distributed over the kidney
and the exchange constant (for O2) was 1 3
1026 mmol/min/torr.
Fig. 3. Simulation data varying metabolic
rate and examining effects on pO2 (A), pCO2
(B), and pH (C ). The blood flow was assumed
to be 1.4 ml/min in the kidney, and the ex-
change constant (for O2) was 1 3 1026 mmol/
min/torr.
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Fig. 4. Simulation data varying exchange
constant (k) and examining the effects on pO2
(A), pCO2 (B), and pH (C ). The blood flow
and metabolic rate were assumed to be 1.4
ml/min and 8 mmol/min, respectively.
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Fig. 5. Simulation data varying blood flow
and examining effects on pH when metabolic
rate was decreased to 10% within the nephron
segment from 1.5 mm to 6 mm (A) and when
the metabolic rate was increased to 200% in
this same region (B). Overall, the metabolic
rate was assumed to be 8 mmol/min distributed
over the kidney and the exchange constant
(for O2) was 1 3 1026 mmol/min/torr.
Accompanying the O2 difference between the cortex Relationship between model and experimental data
and medulla under basal conditions was a significant pH The sampled basal pO2 and pH values in cortex and
difference (Table 2). Cortical pH did not change substan- medulla agreed very well with values simulated with a
tially in response to furosemide or mannitol but did fall vasa rectae blood flow of 1.4 ml/min and a “K” value of
significantly with transient hypotension. However, medul- 1 3 1026 mmol/torr/min (Tables 1 and 2 and Fig. 2).
lary pH fell dramatically with mannitol and transient When furosemide was simulated by assuming a decrease
hypotension (Fig. 6) and increased markedly with furose- in mTAL activity by about 90%, the observed pO2 and
mide treatment, supporting the validity of our mathemati- pH data fit nicely with our model if one allowed for an
cal model. As a control for these measurements, acetazo- increase in vasa rectae blood flow of approximately 50%.
lamide was administered to four animals and medullary Similarly, if the mannitol (or acetazolamide) effect was
pH was recorded. In these animals, medullary pH fell modeled by increasing mTAL activity by a factor of 2,
despite prompt alkalization of the urine pH to .8. This the simulated data agreed fairly well with our measured
experiment excludes the possibility that medullary tissue pO2 and pH values without any changes in vasa rectae
pH was influenced dramatically by contamination by in- blood flow. Transient hypotension resulted in a decrease
in pO2 to essentially zero as predicted by our model withtratubular (for example, collecting duct) fluid.
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Table 2. pH measurements in cortex and medullaTable 1. Oxygen tension measurements (torr) in cortex and medulla
Measurement (N) Cortex Medulla P value Measurement (N) Cortex Medulla P value
Basal pH (20) 7.38 60.08 7.2060.07 ,0.01Basal PO2 (27) 32.3 67.3 15.6 66.0 ,0.01
Maneuvers Cortex Cortex Maneuvers Cortex Cortex
Basal Post-maneuverBasal Post-maneuver
Furosemide (3) 38.268.1 38.1 67.7 NS Furosemide (3) 7.3860.09 7.3860.07 NS
Mannitol (3) 7.37 60.08 7.3660.08 NSMannitol (3) 31.067.8 29.5 68.2 NS
Transient hypotension (5) 30.566.8 19.5 67.8 ,0.01 Transient hypotension (5) 7.3860.08 7.3060.08 ,0.05
Maneuvers Medulla MedullaManeuvers Medulla Medulla
Basal Post-maneuver Basal Post-maneuver
Furosemide (11) 7.1960.07 7.3160.09 ,0.01Furosemide (7) 15.662.8 37.0 66.1 ,0.01
(N57) Mannitol (11) 7.2160.08 7.0260.07 ,0.01
Mannitol (5) followingMannitol (5) 14.262.5 8.8 63.2 ,0.01
(N55) furosemide 7.3160.09 7.2860.07 NS
Transient hypotension (11) 7.19 60.07 6.9060.09 ,0.01Manitol (7)
following furosemide 37.066.1 37.4 65.3 NS Transient hypotension
following furosemide (6) 7.28 60.08 7.1860.07 ,0.01Transient hypotension 16.162.7 1.7 61.7 ,0.01
Transient hypotension
following mannitol (6) 7.05 60.09 6.7260.12 ,0.01
Acetazolamide (4) 7.2260.11 7.0360.05 ,0.01
a pH value, which also agreed with our simulation. The
combination of mannitol and hypotension resulted in an
observed pH that was lower than that predicted through ery to the kidney with a variable rate of tubular sodium
aerobic metabolism alone by our model (Tables 1 and 2 transport, our inexact knowledge of the rate of blood
and Figures 2 and 5). flow through the vasa rectae under any conditions, the
amount of O2 consumption caused by the TAL in differ-
ent nephron segments within different shells into theDISCUSSION
kidney, and our inability to actually measure flux rates
It has been known for many years that the peculiar for O2 and CO2 between the descending and ascending
vascular architecture of the kidney is essential for the limbs of the vasa rectae [18, 29–31]. Despite these (and
process of urinary concentration. As early as 1960, Auk- other) limitations, this model allows one to visualize how
land and Krog reported that there was a substantial dif- isolated changes in flux rate constant, metabolic rate, and
ference between cortical and medullary oxygen tension blood flow would affect O2 tensions along the nephron.
[19]. More recently, Epstein et al pointed out that this Our simple model predicts pCO2 and pH gradients in
peculiar architecture, which has been closely simulated the kidney on the basis of the countercurrent vascular
with models that derived from heat exchange systems, architecture. This countercurrent architecture allows for
allows for substantial O2 “shunting” [20, 22]. As recently the production of a hypertonic medullary interstitium;
reviewed by Lubbers and Baumgartl, a number of work- however, it is also complicated by a significant O2 gradi-
ers have confirmed that despite having the highest blood ent along the nephron. Unfortunately, we were not able
flow of any organ when normalized for weight or meta- to obtain suitable electrodes to measure directly pCO2
bolic activity, portions of the kidney live on the very tensions and more directly confirm our model’s predic-
verge of anoxia [12]. In this communication, we extend tions. However, we were able to confirm the general
this concept to hypothesize that a CO2 gradient should validity of our reasoning with direct pH measurements
accompany this O2 gradient and that demonstrable dif- that should reflect pCO2 changes quite accurately. Spe-
ferences between medullary and cortical pH should ac- cifically, the pH measurements obtained can be summa-
company this postulated CO2 trapping. DuBose et al rized as follows: (a) There is a pH gradient from cortex
have reported increased pCO2 levels in the various struc- to medulla. (b) The pH of the medulla decreases with
tures of the renal cortex [23–26]. Hogg et al have shown maneuvers that increase mTAL work or decrease blood
increased pCO2 levels in the renal cortex and liver tissue flow. (c) The pH of the medulla increases with a maneu-
as compared with muscle and brain tissue in New Zealand ver that decreases mTAL work.
white rabbits [27]. Likewise, pCO2 trapping in the me- One might point out that as the outer medulla lives
dulla has been asserted to occur [28]. on the “brink” of anoxia, perhaps our findings simply
We constructed a simple model for O2 utilization and reflect accumulation of lactic acid or even contamination
CO2 production (and trapping) within the kidney based of the tissue pH caused by urine. We would argue that
on geometrical simplifications (that is, a spherical kid- the combination of pharmacological maneuvers and pH
ney) and a number of physiological assumptions. Our observations offers strong support of our model. Ex-
model coupled CO2 trapping with O2 shunting. Limita- tremely high lactate production rates would be seemingly
tions to using our model for exact quantitative data in- at odds with the kidney’s relatively low capacity for lac-
tate production [14, 32, 33]. Regarding the possibilityclude the complex coupling between O2 and blood deliv-
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Fig. 6. Representative tracings of medullary
pH (top panel) and mean arterial pressure
(bottom panel) obtained during transient hy-
potension produced with an aortic occluder.
of contamination of tissue pH with urine, the observed cause of medullary hypoxia. This causes one to speculate
that tissue acidosis in vivo protects the renal medulladecrease in tissue pH with acetazolamide argues strongly
against this. However, despite these assertions, we do from injury during hypoperfusion states. The isolated
perfused kidney model, which demonstrates a greater de-hope to measure pCO2 directly with a suitable tissue
electrode once one can be identified and acquired. gree of hypoxic injury [34], would then be more apt to
isolate the effects of hypoxia without the correspondingThis observation raises a number of questions for fur-
ther study. One such question concerns the role of tissue pH protection achieved in vivo [10]. Another intriguing
question concerns the well-known propensity for proxi-acidosis in the susceptibility (or resistance) of renal tissue
to hypoxic or ischemic injury. In particular, as hemoglo- mal tubular sodium transport to be increased in states of
increased pCO2 tension. Viewing the coupling of bicarbon-bin arguably augments oxygen delivery more than CO2
removal, it is likely that medullary hypoxia in the iso- ate transport to sodium reabsorption in the late proximal
tubule microenvironment, one might account for somelated, blood-free perfused kidney occurs with smaller
increases in CO2 tension and decreases in pH than one of the increased fractional proximal sodium reabsorption
seen during low perfusion (or high filtration fraction)might anticipate if decreased blood flow in vivo was the
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12. Lubbers DW, Baumgartl H: Heterogeneities and profiles of oxy-states [35]. Conversely, a low filtration fraction observed
gen pressure in brain and kidney as examples of the pO2 distributionin chronic renal failure that would result in decreased in the living tissue. Kidney Int 51:372–380, 1997
medullary pCO2 tensions might contribute to the re- 13. Kindig NB, Filley GF: Graphic representation of CO2 equilibria
in biological systems. Physiologist 26:304–309, 1983duced proximal tubular sodium reabsorption seen in this
14. Nishiitsutsuji-Uwo JM, Ross BD, Krebs HA: Metabolic activitiescondition [36]. Although autoregulation of medullary of the isolated perfused rat kidney. Biochem J 103:852–862, 1967
blood flow would tend to minimize such a mechanism 15. Palmer WW, Van Slyke DD: Studies of acidosis. IX. Relationship
between alkalai retention and alkali reserve in normal and patho-[29, 31, 37], we suggest that further work is warranted
logical individuals. J Biol Chem 32:499–507, 1917to explore this possibility. 16. Wallerstein S, Zucker CI, Fleiss JL: Some statistical methods
It should be noted that other investigators have used useful in circulation research. Circ Res 47:1–9, 1980
17. Shapiro JI, Harris DCH, Schrier RW, Chan L: Attenuation ofmathematical modeling techniques to assess pCO2 levels
hypermetabolism in the remnant kidney by dietary phosphate re-in the renal cortex [25, 38, 39]. These models have been striction in the rat. Am J Physiol 258:F183–F188, 1990
successful in predicting pCO2 levels in renal cortex dur- 18. Cupples WA: Renal medullary blood flow: Its measurement and
physiology. Can J Physiol Pharmacol 64:873–880, 1986ing various pharmacological maneuvers. Our model
19. Aukland K, Krog J: Renal oxygen tension. Nature 188:671–679,shares many of the features of these other formulations. 1960
In summary, we constructed a model that, based on 20. Epstein FH, Brezis M, Silva P, Rosen S: Physiological and clinical
implications of medullary hypoxia. Artif Organs 11:463–467, 1987a coupling between CO2 production and O2 consumption
21. Rosen S, Brezis M, Stillman I: The pathology of nephrotoxicin the kidney, predicts CO2 trapping and reduced medul- injury: A reappraisal. Miner Electrolyte Metab 20:174–180, 1994
lary pH in conditions in which medullary pO2 falls. Ex- 22. Brezis M, Rosen S, Silva P, Epstein FH: Selective anoxic injury
to thick ascending limb: An anginal syndrome of the renal medulla?perimentally, we confirm that medullary pH falls in con-
Adv Exp Med Biol 180:239–249, 1984ditions in which pO2 falls and rises under circumstances 23. DuBose TD Jr, Pucacco LR, Seldin DW, Carter NW, Kokko
in which medullary pO2 rises. These observations sup- JP: Microelectrode determination of pH and PCO2 in rat proximal
tubule after benzolamide: Evidence for hydrogen ion secretion.port the general validity of our model.
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% CO2 calculationsAPPENDIX
figure
Matlabe routine used for simulations S 5 0.0002;
% this program simulates oxygen utilization and CO2 generation n 5 Pinta;
% within the kidney and creates a surfact plot for j 5 1:20
PC(1,j) 5 Pinta;% IBC 5 initial bicarbonate concentration, Pint 5 initial PO2
X(1,j) 5 Q(j)*PC(1,j)*S;% Pinta 5 initial PCO2, H 5 oxygen-carrying capacity
Pv 5 Pinta;% S 5 CO2 carrying capacity, M 5 metabolic rate
% loop to set value of Pv by iteration for k 5 1:20% DA 5 ratio of CO2 to O2 diffusitivity
for i 5 2:20% Km 5 P50 for hemoglobin
if Pv , PC(i-1,j)% version that allows blood flow to vary and
Pv 5 PC(i-1,j);% pharmacological manipulation of mTAL activity
else% if one wishes to vary metabolic rate, set up array M and fix Q
Pv 5 Pv;% if one wishes to vary k, set up array k and fix Q.
end
% setup parameters if P(i-1,j) . 0
DA 5 24; X(i,j) 5 X(i-1,j) 1 (Pv-PC(i-1,j))*DA*AA(j)*i/20
M 5 input (‘metabolic rate in mmol O2/min:’); 1 (M*0.8)*ssp.(i);PC(i,j) 5 X(i,j)/(Q(j)*S);
M 5 M/(1000); else
H 5 0.0076; PC(i,j) 5 n;
Pint 5 100; end
Pinta 5 40; if n , PC(i,j)
A 5 input (‘exchange rate constant:’); n 5 PC(i,j);
Km 5 25; else
IBC 5 24; n 5 n;
jj 5 input (‘enter 1 if TAL modified, 0 if not’); end
% normalize volume constraints end
t 5 0; Pv 5 PC(20,j);
for i 5 1:21 end
sp (i) 5 (4/3)*3.14*(21-i)^3; end
end
dlmwrite(‘tempa2.dat’, PC, ‘,’)for i 5 1:20
ssp (i) 5 sp (i) - sp (i 1 1); for i 5 1:20
t 5 t 1 ssp (i); d(i) 5 i/3;
end end
ssp 5 ssp/t; mesh(Q,d,PC)
% pharmacological manipulation of mTAL ylabel(‘depth (mm)’);if jj . 0.5
xlabel(‘blood flow (ml/min)’);NN 5 input (‘enter attenuation/augmentation factor for TAL as a
zlabel(‘PCO2 (torr)’);fraction:,’);
% get corresponding pH valuesfor i 5 6:14
ssp (i) 5 ssp (i)*NN; figure
end for i 5 1:20
else for j 5 1:20
jj 5 jj; BC(i,j) 5 IBC 1 0.00015*(PC(i,j)-Pinta);end pH(i,j) 5 6.1 1 log10(BC(i,j)/(.03*PC(i,j)));
% oxygen calculations end
figure end
for j 5 1:20
mesh(Q,d,pH)Q(j) 5 j/5;
AA(j) 5 A/Q(j); ylabel(‘depth (mm)’);
P(1,j) 5 Pint; xlabel(‘blood flow (ml/min)’);
X(1,j) 5 Q(j)*H*(sigmoid(P(1,j),Km)); zlabel(‘pH’);
Pv 5 Pint; dlmwrite(‘tempa3.dat’, pH, ‘,’)% loop to set value of Pv by iteration for k 5 1:20
for i 5 2:20 Sigmoid function: Matlabe routine
if Pv . P(i-1) function y 5 sigmoid (z, k)Pv 5 P(i-1);
%sigmoid sigmoidal curve of z where z ranges from 1 to 100else
Pv 5 Pv; y 5 z^2/(z^2 1 k^2);
end
Inverse sigmoid function: Matlabe routineX(i,j) 5 X(i-1,j)–(P(i-1,j)-Pv)*AA(j)*i/20-M*ssp.(i);
P(i,j) 5 invsig(X(i,j)/(H*Q(j)),Km); function y 5 invsig(z,k)
end
%invsig inverse of sigmoidal curve of z where z ranges from 1 to 120Pv 5 P(20,j);
end if z , 0
end y 5 0;
elseif z 5 5 0for i 5 1:20
y 5 0;d(i) 5 i/2.5;
elseif z 5 5 1end
y 5 700;mesh (Q,d,P)
elseif z . 1
ylabel(‘depth (mm)’); y 5 700;
xlabel(‘blood flow (ml/min)’); else
zlabel(‘PO2 (torr)’); y 5 (k^2/(1/z-1))^.5;
enddlmwrite(‘tempa1.dat’, P, ‘,’)
